Interaction of red blood cells (RBCs) with unmodified and partially (50%) silylated fumed silica A-300 (nanosilica) was studied by microscopic, XRD and thermally stimulated depolarisation current (TSDC) methods. Nanosilica at a low concentration C A−300 < 0.01 wt.% in buffered aqueous suspension is characterised by a weak haemolytic effect on RBCs. However, at C A−300 = 1 wt% all RBCs transform into shadow corpuscles because of 100% haemolysis. Partial (one-half) hydrophobization of nanosilica leads to reduction of the haemolytic effect in comparison with unmodified silica at the same concentrations. A certain portion of the TSDC spectra of the buffered suspensions with RBC/A-300 is independent of the amounts of silica. However, significant portions of the low-and high-temperature TSDC bands have a lower intensity at C A−300 = 1 wt% than that for RBCs alone or RBC/A-300 at C A−300 = 0.01 wt.% because of structural changes in RBCs. Results of microscopic and XRD investigations and calculations using the TSDC-and NMR-cryoporometry suggest that the intracellular structures in RBCs (both organic and aqueous components) depend on nanosilica concentration in the suspension.
Introduction
Fumed silica (nanosilica) is used in the pharmacy as a booster agent [1] and an enterosorbent [2] . Recent investigations [2] revealed that nanosilica applications in medicine and biotechnology can be considerably extended. Nanosilica A-300, which is composed of nanosized primary particles (5 − 15 nm in diameter) containing approximately 2 OH/nm 2 per surface, forming aggregates and agglomerates of aggregates, can effectively adsorb high-molecular compounds of synthetic and natural origin, especially proteins [2] . Nanosilica is characterised by a concentration-dependent bioactivity with respect to different cells (microorganisms, erythrocytes, gamete, etc.) because nanoparticles possess high adhesive properties to a cellular surface, and, therefore, can affect membrane structures. Specific properties of nanosilica make it possible to consider it as a promising carrier of organics for development of new preparations for medicine and biotechnology [2] . Therefore, it is of interest to study interaction of nanosilica with cells by methods allowing study of changes in cellular membranes upon interaction with unmodified and partially modified (silylated) nanoparticles. Additionally, nanosilica can be used as a component of tourniquet preparations [2] ; therefore, the interaction of nanosilica with human red blood cells (RBCs) is of interest. RBCs in the normal state (i.e. normal discocytes) have the shape of a convexo-convex disk, and these cells constitute approximately 85% of their total number. RBCs are characterised by high flexibility of the membrane which provides significant reversible changes in their forms on penetration through thin capillaries. RBCs leaving the capillaries can quickly transform into the normal discocyte state [3] . This transformation occurs through an echinocyte state (mottled discocyte) characterised by formation of 30 − 50 spicules on each cell. Echinocytes can be divided into four (I-IV) groups. Irreversible transformation of normal discocytes into echinocytes and then into spherocytes occurs through several stages: normal and mottled discocytes, spinous discoids and spinous oblate ellipsoids and the end shape corresponding to spherocytes [4] . If a RBC is in the echinocyte state during a long period (because of a low flexibility of the membrane on a diminution of the ATP content in the cell or due to certain external factors) then it can lose a portion of the spicules (i.e. a portion of the membrane) and the cell transformation goes to a spherical shape which can be irreversible [5, 6] . Structural features of RBCs can play an important role on their interaction with solid nanoparticles [2, [7] [8] [9] as a component of tourniquet preparations or other medicines.
Nanosilica composed of bioactive nanoparticles can affect the RBC state causing strong haemolysis at relatively low concentration of silica C > 0.1 wt.% [10] [11] [12] [13] [14] . The haemolytic effect of nanosilica can be reduced through modification by immobilised polymers (e.g. poly(vinyl pyrrolidone), poly(vinyl alcohol)) or through use of binary nanooxides such as silica/alumina and silica/titania [11] . Notice that the greater the content of the second oxide or adsorbed polymer, the lower the haemolytic effect of nanooxides. Changes in the whole RBCs and the RBC membranes on interaction with solid nanoparticles can be complex and dependent on component concentrations and conditions [2, 11] .
Control of the haemolytic effect of nanosilica is of importance for development of medicinal preparations (if they can be in contact with blood) for different purposes [2] . Some information on these changes in RBCs can be obtained by using thermally stimulated depolarisation current (TSDC), XRD and microscopic methods in parallel. Therefore the aim of the present work was to analyse morphological changes in human RBCs on interaction with unmodified and partially silylated nanosilicas by the mentioned methods.
Experimental

Materials
Nanosilica A-300 (pilot plant at the Institute of Surface Chemistry, Kalush, Ukraine; 99.8% purity, specific surface area S BET = 285 m 2 /g) was used as the initial material.
Nanosilica was modified by hexamethyldisilazane to substitute approximately 50% of free surface silanols for trimethylsilyl (TMS) groups. This modification reduces the specific surface area by approximately 15% but the hydrophilic properties are virtually untouched since the heat of immersion in water and Gibbs free energy of the interfacial water layer are close to the corresponding values for the initial silica A-300 [15] [16] [17] [18] . Aqueous suspensions of unmodified and modified nanosilicas were prepared by mixing of the dry powder with 3.8 wt.% solution of trisodium citrate (TSC). The concentration of silica was between 0.0001 to 1.0 wt.%. To produce more homogeneous suspensions with partially decomposed aggregates of primary particles and strongly decomposed agglomerates of aggregates and to enhance the bioactivity of nanosilica, the suspensions were sonicated for 40 min with an ultrasonic dispenser (35 kHz).
Human donor RBCs (blood group A, Kiev Hemotransfusion Center) placed initially in a standard buffer with sodium hydrocitrate (2%) and glucose (3%) (SCG) (8 × 10 7 cell/ml) were added to the suspension of silica in the TSC buffer to obtain the RBC concentration about 1 × 10 7 cell/ml (incubation time 20 min).
Microscopy
Changes in the RBC shape on interaction with nanosilica were studied by using a phasecontrast microscopy with a MIKMED 2 (LOMO, Russia) microscope equipped with a KF-2 device (for observation with a phase-contrast method) and a CAM V 300 (Vision, Austria) camera-recorder. An advantage of this method is the use of RBCs without previous colouring and fixing (which can change the RBC parameters). To avoid the heterogeneity of RBC microimages, five micrographs were made for different points of each sample, which then were averaged (by using three tests) to calculate the shape distributions of the RBCs (Table 1 ).
Table 1
Contributions of different RBC forms upon interaction with unmodified and silylated nanosilica at different silica content and in a mixture with nanosilica A-300 (C A−300 = 0.01 and 1.0 wt.%) in the TSC buffer (1 × 10 7 cell/ml) were studied. Since intensive haemolysis of RBCs was observed at C A−300 > 0.01 wt.%, an upper concentration limit of 0,01 wt.% silica was used. Indeed, nanosilica at a concentration of 1.0 wt.% caused total haemolysis of RBCs. The TSD current (I) generated due to sample depolarisation was recorded by an electrometer over the 10 −15 −10 −7 A range. Relative mean errors for measured TSD current were ±5%, ±2 K for temperature, and ±5% for the temperature change rate. The TSDC method has been described in detail elsewhere [18] [19] [20] [21] [22] [23] [24] . The distribution function of the activation energy of depolarisation f (E) linked to dipole re-orientations, which cause the TSD current (experimentally measured), was calculated using equation (1) [24] :
where
S el is the surface area of the electrodes, P 0 is the frozen polarisation, k B is the Boltzmann constant, h is the heating rate, T 0 is the initial temperature, and T i is the peak temperature of the i-th TSDC maximum. Eq. (1) was solved with respect to f (E) using a regularisation method (modified CONTIN procedure [24, 25] ) under non-negativity conditions (f (E) ≥ 0 at any E) and at a fixed value of the regularisation parameter.
The TSDC method can be effectively used to analyse the associativity and the mobility of interfacial water because the measured temperature dependence of depolarisation characterises environment of water molecules: (i) how these molecules interact with neighbours; (ii) how many hydrogen bonds they form per a molecule; (iii) what is the strength of these bonds; (iv) what is the mobility of bound charges (water dipoles) and free charges (protons, ions, electrons); and (v) what is the size of water clusters relaxing at given temperatures [18, 24] . In the case of water/organics mixtures, polar and charged organic molecules can contribute the TSDC spectra [24] . Notice that different electrophysical methods are frequently used to study RBCs [26] [27] [28] [29] .
Water can be frozen in narrower pores (cavities in biomacromolecules, RBC membrane, intracellular space or voids between primary particles of nanooxides) at lower temperature that can be described by the Gibbs-Thomson relation for the freezing point depression [18, 24, [30] [31] [32] [33] 
where T m (R) is the melting temperature of ice locating in pores (cavities) at the radius R, T m,∞ is the bulk melting temperature, ρ is the density of solid matter,σ sl is the energy of solid-liquid interaction (e.g. through hydrogen bonding), ΔH f is the bulk enthalpy of fusion, and k(T ) is a function of temperature (for TSDC-cryoporometry [24] ). Previously this approach was used in cryoporometry based on the 1 H NMR spectra with layer-by-layer freezing-out of bulk and interfacial water (k was a constant depending on the kind of an adsorbent and an adsorbate) [18] and the TSDC data (k(T ) is a linear function of T ) [24] to estimate the pore size distribution of mineral adsorbents or size distributions of cavities filled by unfrozen water bound in such bio-objects as proteins, yeast cells, seeds, bone tissues, etc. In using TSDC-cryoporometry, we assumed that σ sl in Eq. (3) corresponds to the interaction energy between relaxing dipoles and surroundings and T m corresponds to the temperature of a relaxation maximum. A relationship between the energy of dipolar relaxation (E between 10 and 50 − 60 kJ/mol) and temperature (between 100 and 220 − 250 K up to dc relaxation) should be taken into account by using an effective function σ sl (T ) corresponding to an increase in the energy for dipolar relaxation with elevating temperature [24] . This function was assumed to be linear (to give k(T ) as a linear function of T ) and derived on the basis of the previous TSDC and adsorption data [18, 24, 34] and ab initio calculations of the relaxation energy on the dipoles of water clusters alone and at a surface of silica modelled by a cluster Si 8 O 12 (OH) 8 with eight tetrahedrons and eight silanols. Here we used Eq. (3) at k(T ) = 0.8333T −35.0 (in K nm) which in combination with I(T ) form Eq. (1) normalised with respect to the total amounts of water in the system to give the distribution function of water clusters sizes (SDWC) as a function of R. To reduce the effects of noise on the SDWC functions, Eq. (3) can be transformed into the integral Gibbs-Thomson equation [24, 35] 
where K(T.R) = (1.77049 + 0.153T )(1 +
1+R
) (nm K), I is the TSDC, R max and R min are the maximal and minimal radii of pores (voids) respectively, T r (R) is the temperature of relaxation of water (ice) and other structures in pores of radius R, and A is a constant. Eq. (4) can be solved using a regularisation procedure described in detail elsewhere [24] .
In the case of NMR-cryoporometry, the 1 H NMR spectra of unfrozen water in the aqueous suspensions of nanosilica (6 wt.%), shadow corpuscles (1.5 wt.%) and their mixture were used based on the calculations of the distribution functions of sizes of unfrozen water structures (PSDuw) using Eq. (4) at a constant value of k = 70 nm K [18, 35, 36] .
The NMR study of interaction of shadow corpuscles with nanosilica is described in detail elsewhere [37] . 
Results and discussion
It was found that the shape of RBCs changes on interaction with unmodified and modified silicas from discocytes to spherocytes through echinocytes and then to shadow corpuscles depending on silica concentration in the suspension (Table 1 ). All the stages of RBC transformation on interaction with nanosilica were well identified (Fig. 1) . The transformation of discocytes (Fig. 1, form 1 ) to echinocytes (forms 2 − 5) begins from distortion to a convexo-convex contour of normal RBCs. Rough spicules appear initially on the edge of the disk (form 3) and then on the whole RBC surface (forms 4 and 5). The echinocyte spicules gradually become thinner and more uniformly distributed on a cellular surface. Then cells become of a spherical shape (form 6). On the final transformation, cells lose a part of the spicules and the transformation into the spherocyte shape becomes irreversible. A strong distortion of the membrane (e.g. on interaction with silica nanoparticles) leads to loss of its flexibility and resiliency. RBCs swell and increase in size in comparison with the spherocyte that leads to membrane break. Eliminated haemoglobin can be detected; i.e., haemolysis of RBCs occurs. However, the perforated cellular membrane remains uniquely as a whole and forms a so-called shadow corpuscle (Fig. 1, forms 7 and 8 ).
In the case of the RBC/A-300 systems, contribution of the different RBC forms changes due to interaction with nanosilica (Table 1 ). In the control sample, a major portion of RBCs corresponds to discocytes (Table 1, Fig. 2a ). On interaction of RBCs with nanosilica at C A−300 = 0.0001 − 0.01 wt% there is a monotonic diminution of discocyte and echinocyte contributions. At the same time the amounts of spherocytes increase, as well as contributions from deformed cells. At these silica concentrations, the haemolysis of the RBCs is not intensive and the content of shadow corpuscles is small.
An increase in concentration of silica to 0.1 wt.% leads to membrane rupture for many cells and shadow corpuscles constitute the major portion of RBCs (Table 1) . The spherocytes and deformed cells provide much smaller contribution. Agglutination of cells is observed for this system (Figs. 2b and 3) . It is possible that nanosilica aggregates promote this process [2] as shown in Fig. 3 . The agglutination of RBCs can be enhanced due to interaction with aggregates of silica nanoparticles which prevent the electrostatic repulsive interaction of negatively charged cells. This is due to strong interaction of silica nanoparticles with proteins integrated into the RBC membranes [2] . Changes in the interaction between RBCs are observed after addition of nanosilica since microscopic images demonstrate the absence of agglutination for RBCs alone (Fig. 2a) and for the RBCs/silica system (Fig. 2b) . The haemolytic activity of a 1% suspension of A-300 provides 100% haemolysis of RBCs (Table 1) and only the shadow corpuscles are observed (Fig. 2c) . Fig. 1 Scheme of RBC transformation from a discocyte to a shadow corpuscle on interaction with nanosilica: discocyte (1), echinocyte I-IV (2-5), spherocyte (6), and shadow corpuscle (7) (8) shown with consideration for their relative sizes.
Nanosilica with approximately half free silanols substituted for trimethylsilyl groups (TMS/A-300) possesses a lower haemolytic activity in comparison with unmodified silica of the same concentration in the suspension (Table 1 ). There are several causes for this effect as discussed below. At concentration of modified silica from 0.0001 to 0.001 wt% a portion of discocytes decreases but a fraction of spherocytes grows. On the use of 0.01 wt% suspension of modified silica the number of dicocytes is smaller than 50% but larger than that of spherocytes. The amounts of echinocytes in these systems are close to that for the control samples but the amounts of deformed cells are lower and the shadow corpuscles are not observed. Discocytes and echinocytes are absent at TMS/A-300 concentration of 0.1 wt% (Table 1). Spherocytes constitute the main fraction and the second fraction with shadow corpuscles is approximately in two times less than that on interaction of RBCs with unmodified nanosilica. At this concentration of silica (0.1 wt.%), agglutination of cells is observed (Fig. 4) . If CTMS/A-300 = 1 wt.% intensive formation of shadow corpuscles occurs that is accompanied by strong haemolysis of RBCs. However, this process is less intensive than the interaction of RBCs with unmodified nanosilica because deformed cells (16.7%) remain in the suspension with TMS/A-300 (Fig. 4b) . There are, at least, three reasons responsible for diminution of the haemolytic effect on interaction of RBCs with TMS/A-300: (i) strong aggregation of partially hydrophobic silica particles and diminution of the amounts of individual primary silica nanoparticles, which show maximum bioactivity, that cause diminution of the total contact area between RBCs and silica (per gram of silica) and a decrease of local interaction of solid particles with membrane proteins; (ii) changes in interaction energy between the modified silica surface and the membrane structures due to a decrease in the adsorption potential of modified silica; and (iii) changes in the structure of the interfacial water layer [11, 18] . In the case of TMS/A-300, the effective diameter of particles (measured by DLS method with a Zetasizer 3000 (Malvern Instruments)) increases in comparison with unmodified silica by five-ten times (up to 0.9 − 3.6 μm) depending on sonication time [11, 18, 24] . We can assume that the first reason of those mentioned is predominant; however, the two other reasons can play an important role because changes in hydration/dehydration and swelling of RBCs (Fig. 1) affect the state of membrane [38, 39] . • they show a broad peak at 2θ = 32
• and a shoulder at 2θ = 47
• , which are linked to water (because hexagonal ice has lines in these ranges [40] ). These peaks decrease with increasing content of silica because of strong distortion of the structure of interfacial water in comparison with bulk water [18, 24] . Content-dependent contributions of the bands of silica (2θ = 25.3 • ), RBCs (2θ = 24.5 • ), and water (2θ = 32 • ) cause the observed displacement of the total broad band toward smaller 2θ values with increasing silica content. The intensity of the XRD peak of RBCs at 2θ = 10.7
• decreases with decreasing content of RBCs. The intensity of the water band decreases more strongly with increasing silica content from 1 to 8 wt.% than that on a subsequent increase of the C A−300 value to 30 wt.%. The XRD data (Fig. 5) reveal that nanosilica interacting with RBCs strongly affect the structure of extra-and intracellular water that can result in certain dehydration of cells at C A−300 = 1 wt.% when the haemolysis of all the cells is observed and only shadow corpuscles can be found. At higher silica content, i.e. on a decrease in contribution of the cells, the amounts of interfacial water strongly increases. In the case of pure water and the TSC or SCG buffers there is a TSDC peak at 115 − 120 K (Fig. 6b ) characteristic for bulk water [24] . For a 0.9 wt% NaCl solution this peak shifts toward higher temperatures because of distortion of the hydrogen bond network by the Na + and Cl − ions [18, 24] . The direct current (dc) relaxation (observed at T > 210 K) depends more strongly on the presence of dissolved salts than the TSDC shape at T < 150 K because salt anions and cations (in addition to protons) strongly contribute to the conductivity (Table 2 ) [24] . The difference in the TSC and SCG buffers causes certain differences in their TSDC thermograms (Fig. 6b ) and the corresponding relaxation parameters. This suggests changes in the structure of water in the buffers in comparison with distilled water. Addition of 0.01 wt% of A-300 does not affect the TSDC spectrum of buffered RBCs (Fig. 6a) which is in agreement with the microscopic data and the absence of the haemolysis. However, addition of a larger amount of A-300 (1 wt.%) causes significant changes in the TSDC spectrum shape at T < 130 K (relaxing of bulk water structures) and 170 < T < 230 K (relaxing bound water and biopolymers). For instance, TSDC relaxation intensity of bulk water strongly decreases with increasing C A−300 value that is in agreement with the XRD data. These changes in the TSDC spectra correspond to 100% haemolysis of RBCs. However, at 130 < T < 170 K the TSDC thermograms have the same shape (Fig. 6a) . Therefore we can assume that the corresponding relaxing structures are connected only with RBC/TSC. However, only shadow corpuscles remain after interaction of RBCs with nanosilica in the aqueous suspension at C A−300 = 1 wt%. Consequently, the relaxing structures can be linked to water/RBC membrane and biomolecules eliminated by silica nanoparticles from RBCs because TSC, SCG and water weakly contribute the TSDC spectra at these temperatures. Diminution of the TSDC spectra intensity at T < 130 K suggests that the water structure (i.e. the hydrogen bond network) undergoes significant changes because of the interaction with silica nanoparticles (similar results were observed by XRD). Additionally, silica particles (C A−300 = 1 wt.%) strongly bind macromolecules (e.g. haemoglobin, other proteins eliminated from membranes, etc.) [2, 11, 24, 41] and ions because the TSDC intensity decreases at T > 170 K but the E dc value increases (Fig. 6d) .
The f (E) distribution functions of activation energy of depolarisation ( Fig. 7 ) reveal an increase in the activation energy of depolarisation on addition of A-300 (1 wt%) to buffered RBCs. A patch-wise linearization according to equation ln I = E/k B T + B (where B is a constant) (Fig. 6d) shows that the activation energy of depolarisation is higher for RBC/A-300 at T < 120 K and T > 170 K. These results suggest that the structure of bulk water and bound water strongly change upon addition of nanosilica to buffered RBCs. Calculations of the SDWC distributions with the TSDC-cryporometry and the size distributions of unfrozen water structures with the NMR-cryoporometry (Fig. 8) confirm changes in the water structures because of changes in the buffer composition, RBC content and on addition of silica. Calculations of the specific surface area of structures in contact with unfrozen bound water on the basis on the NMR-cryoporometry [35, 36] give 248 m 2 /g for silica (S BET = 285 m 2 /g) in the aqueous suspension (6 wt.%), 289 m 2 /g for shadow corpuscles (1.5 wt.%) and 215 m 2 /g for their mixture. Consequently, the interaction of silica nanoparticles with the RBC membranes (as shadow corpuscles) leads to displacement of the interfacial water. Similar effects were observed on interaction of nanosilica with proteins [11, 18, 24] . In the RBC/SCG system, much higher intensity of the SDWC distribution at R > 1 nm is due to a large concentration of RBCs in comparison with other systems. Notice that not only water molecules can contribute the TSDC but also polar macromolecules (e.g. intracellular and membrane protein [42] , phospholipids, etc.) [24] , as well as salt ions on the dc relaxation. According to the TSDC data, mobile water molecules and mobile ions appear in the buffered RBCs at approximately 210 K for all studied systems. Typically, at similar temperatures mobile interfacial water is observed (e.g. by 1 H NMR spectroscopy [37] ) in hydrated proteins, cells and other bio-objects [18, 24] . Decomposition of large water structures in the RBC/A-300 system at C A−300 = 0.01 and 1 wt% is also confirmed by the calculations of the dielectric constant [24] (for unfrozen bound water/RBCs/silica structures) which decreases from 7.8 − 10 (buffered individual RBCs) to 3.7 − 4.4 (RBC/A-300 at C A−300 = 0.01 wt%) and 2.2 − 2.7 (C A−300 = 1 wt%) calculated from the TSDC data at T < 210 K. Typically the smaller the water clusters (water with bio-organics here), the lower the dielectric constant. For the TSDC peak which is close to the mentioned temperature (210 K), the E a value (as well as the free energy of activation) [24] slightly increases due to the A-300 effects. However, large differences in the activation energy of the dc relaxation (E a,dc ) are observed for the studied systems (Table 2) . Relatively high E a,dc values for the buffered systems (containing large number of ions) can be caused by much higher activation energy of the motion of citrate anions than that of protons and the trapping effects of anions (and glucose molecules) for protons. Notice that the intracellular conductivity in RBCs is 0.5 − 0.8 S/m [29] , and the RBC cytoplasm is not an ideal suspension, since the conductivity for the given ionic strength should be as twice as high, i.e., about 1.2 − 1.4 S/m [29] than can be explained by the interactions of ions with the large haemoglobin and other macromolecules, which decrease the mobility of ions. The effects of silica on the E a,dc value is due to changes in the structure of the hydrogen bond network in the interfacial water, induced conformation changes in biomacromolecules and RBCs, and an increase in concentration of mobile protons on dissociation of silanols. In the case of changes in the medium (with RBCs) larger changes are observed for the high-temperature band of the TSDC spectra than that for the low-temperature band (Figs. 6 and 7) . Consequently, the structure of large water domains [18] changes strongly in comparison with that of the first interfacial water layers because structured water is strongly bound in the biomacromolecules [18, 24] and other structures composing RBCs. (4); (c) distribution functions of sizes of unfrozen water structures in aqueous suspensions of A-300 (6 wt.%), shadow corpuscles (CS, 1.5 wt.%) and a mixture of A-300 (6 wt.%) and CS (1.5 wt.%) calculated on the basis of 1 H NMR spectra of unfrozen water at 200 < T < 273 K. 
Conclusion
The summarised microscopic, XRD, TSDC and cryoporometry data testify to the presence of a correlation between the concentration of silica in buffered aqueous suspensions and morphological changes of RBCs with appearance of cells with irreversible destruction of membranes and formation of shadow corpuscles. The effects of modified nanosilica with half silanols substituted by trimethylsilyl groups are weaker in comparison with those of unmodified A-300 because of aggregation of silica particles and the absence of highly bioactive individual primary particles which are observed in the aqueous suspension of unmodified nanosilica. Silica nanoparticles strongly interacting with RBCs change the structure not only of the interfacial water bound by cells (e.g. their membranes) but also large water structures in the bulk.
